Water-distilled essential oil from the aerial parts of Dipsacus japonicus Miq. (Dipsacaceae) at the fl owering stage was analysed by gas chromatography-mass spectrometry (GC-MS). Forty-six compounds, accounting for 96.76% of the total oil, were identifi ed and the main compounds of the essential oil were linalool (11.78%), trans-geraniol (8.58%), 1,8-cineole (7.91%), β-caryophyllene (5.58%), α-terpineol (5.32%), β-selinene (5.15%), and spathulenol (5.04%). The essential oil of D. japonicus possessed contact toxicity against two grain storage insects, Sitophilus zeamais and Tribolium castaneum adults, with LD 50 values of 18.32 µg/ adult and 13.45 µg/adult, respectively. The essential oil of D. japonicus also exhibited pronounced fumigant toxicity against S. zeamais (LC 50 = 10.11 mg/l air) and T. castaneum adults (LC 50 = 5.26 mg/l air). Of the three major compounds, 1,8-cineole exhibited stronger fumigant toxicity than the crude essential oil against S. zeamais and T. castaneum adults with LC 50 values of 2.96 mg/l air and 4.86 mg/l air, respectively.
Introduction
Botanical pesticides have the advantage of providing novel modes of action against insects that can reduce the risk of cross-resistance as well as offering new leads for the design of targetspecifi c molecules. During a screening program for new agrochemicals from Chinese medicinal herbs and local wild plants, the essential oil of Dipsacus japonicus Miq. (family: Dipsacaceae) fl owering aerial parts was found to possess insecticidal activity against the maize weevil (Si tophilus zeamais Motsch.) and the red fl our beetle (Tribolium castaneum Herbst). S. zeamais and T. castaneum are two serious pests of stored grains worldwide (Liu and Ho, 1999) . Infestations not only cause significant losses due to the consumption of grains, they also result in elevated temperature and moisture conditions that lead to an accelerated growth of molds, including toxic species (Magan et al., 2003) . Currently, control of stored-product insects relies heavily on the use of synthetic insecticides and fumigants. However, repeated use of synthetic fumigants for decades has led to resurgence of stored-product insect pests, sometimes resulting in the development of resistance, and had undesirable effects on non-target organisms (Zettler and Arthur, 2000) . These problems have highlighted the need to develop new types of selective insect control alternatives with fumigant action. Plant essential oils and their components have been shown to possess potential to be developed as new fumigants, and they may have the advantage over conventional fumigants in terms of low mammalian toxicity, rapid degradation, and local availability (Isman, 2006; Rajendran and Srianjini, 2008) .
D. japonicus is a perennial herb, growing up to 1.5 m, and is mainly distributed in Central and Northern China as well as Japan and Korea (Flora of China Editorial Board, 1986 (Wei et al., 1995 (Wei et al., , 1998 Trinh et al., 1999 Trinh et al., , 2002 Miao et al., 2000a, b) . However, a literature survey has shown that there is no report on the chemical composition of the essential oil derived from D. japonicus, and the insecticidal activity of this oil against stored-product insects has not been determined. The present investigation consisted of two parts: determination of the chemical composition of the essential oil of D. japonicus fl owering aerial parts and evaluation of the essential oil as insecticide/ fumigant for the control of the stored-product insect pests.
Material and Methods

Plant material
The fl owering aerial parts of D. japonicus were collected in August 2009 from Xiaolongmen National Forest Park (39.48° N, 115.25° E), Mentougou District, Beijing, China. The samples were air-dried and identifi ed by Dr. Q. R. Liu (College of Life Sciences, Beijing Normal University, Beijing, China). A voucher specimen (ENTCAUDipsacaceae-10002) was deposited at the Department of Entomology, China Agricultural University, Beijing, China. The samples were ground to a powder using a grinding mill (Retsch, Haan, Germany). A 600-g portion of powder was dispersed in 1,800 ml of distilled water and soaked for 3 h. The mixture was then boiled in a round-bottom fl ask and steam-distilled for 6 -8 h. Separation of the essential oil from the aqueous layer was done in a separatory funnel, using the non-polar solvent n-hexane. The solvent was evaporated using a vacuum rotary evaporator (Büchi rotavapor R-124; Flawil, Switzerland). The resulting sample was dried over anhydrous Na 2 SO 4 and kept at 4 °C for subsequent experiments. Linalool (98%), 1,8-cineole (98%), and trans-geraniol (98%) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
Insects
Maize weevils (S. zeamais) and red fl our beetles (T. castaneum) were obtained from laboratory cultures maintained in the dark in incubators at 29 -30 °C and 70 -80% relative humidity. The red fl our beetles were reared on wheat fl our mixed with yeast (10:1, w/w), while maize weevils were reared on whole wheat grains at 12 -13% moisture content in glass jars (diameter, 85 mm; height, 130 mm). About one-week-old, unsexed adult weevils/beetles were used in all experiments. All containers housing insects and the Petri dishes used in experiments were made escape-proof with a coating of polytetrafl uoroethylene (Fluon, Blades Biological, Edenbridge, UK).
Gas chromatography-mass spectrometry (GC-MS)
The essential oil of D. japonicus was subjected to GC-MS analysis on an Agilent (Santa Clara, CA, USA) system consisting of a model 6890N gas chromatograph, a model 5973N mass selective detector (EIMS; electron energy, 70 eV), and an Agilent ChemStation data system. The GC column was an HP-5ms (Hewlett Packard, Santa Clara, CA, USA) fused silica capillary with a 5% phenyl-methylpolysiloxane stationary phase, a fi lm thickness of 0.25 µm, a length of 30 m, and an internal diameter of 0.25 mm. The GC settings were as follows: The initial oven temperature was held at 60 °C for 1 min and ramped at 10 °C/ min to 180 °C, held for 1 min, and then ramped at 20 °C/min to 280 °C and held for 15 min. The injector temperature was maintained at 270 °C. The sample (1 µl) was injected neat, with a split ratio of 1:10. The carrier gas was helium at a fl ow rate of 1.0 ml/min. Spectra were scanned from m/z 20 to 550 at 2 scans/s. Most constituents were identifi ed by gas chromatography by comparison of their retention indices with those found in the literature or with those of authentic compounds available in our laboratories. The retention indices were determined in relation to a homologous series of n-alkanes (C 8 -C 24 ) under the same operating conditions. Further identifi cation was made by comparison of their mass spectra with those stored in NIST 08 and Wiley 275 libraries or with mass spectra available in the literature (Adams, 2007) . Component relative percentages were calculated based on the normalization method without using correction factors.
Contact toxicity by topical application
The contact toxicity of the essential oil of D. japonicus and its major constituents against S. zeamais and T. castaneum adults was measured as described by Liu and Ho (1999) . Rangefi nding studies were run to determine the appropriate testing concentrations of the essential oil/compounds. A serial dilution of the essential oil/compounds (6 concentrations) was prepared in n-hexane. Aliquots of 0.5 µl/insect were topically applied dorsally to the thorax of the insects, using a Burkard Arnold microapplicator (Burkard Scientifi c Supply, Rickmansworth, England). Controls were determined using 0.5 µl n-hexane/insect. Ten insects were used for each concentration and control, and the experiment was replicated six times. Both the treated and control insects were then transferred into glass vials (10 insects/vial) containing culture medium and kept in incubators at 29 -30 °C and 70 -80% relative humidity. Mortality of insects was observed after 24 h. The observed mortality data were corrected for control mortality using Abbott's formula. Results from all replicates were subjected to probit analysis using the PriProbit Program V1.6.3 to determine LD 50 values (Sakuma, 1998).
Fumigant toxicity bioassay
Range-fi nding studies were run to determine the appropriate testing concentrations of D. japonicus essential oil and its constituents. A Whatman fi lter paper (diameter, 2.0 cm) was placed on the underside of the screw cap of a glass vial (diameter, 2.5 cm; height, 5.5 cm; volume, 24 ml). Ten µl of the essential oil/compounds (6 concentrations) were added to the fi lter paper. The solvent was allowed to evaporate for 15 s before the cap was placed tightly on the glass vial (with 10 unsexed insects) to form a sealed chamber. The vials were incubated at 27 -29 °C and 70 -80% relative humidity for 24 h. Mortality of insects was observed and corrected for control mortality using Abbott's formula. The results from all replicates were subjected to probit analysis using the PriProbit Program V1.6.3 to determine LC 50 values (Sakuma, 1998) .
Results and Discussions
Essential oil analysis
The yield of the yellow essential oil from D. japonicus fl owering aerial parts was 0.12% (v/w), and the density of the concentrated essential oil was 0.83 g/ml. A total of 46 compounds of the essential oil were identifi ed, accounting to 96.76% of the total oil. The principal compounds in the essential oil were linalool (11.78%), trans-geraniol (8.58%), 1,8-cineole (7.91%), β-caryophyllene (5.58%), α-terpineol (5.32%), β-selinene (5.15%), and spathulenol (5.04%) ( Table I ). Monoterpenoids represented 21 of the 46 compounds, corresponding to 58.70% of the whole oil, while 17 of the 46 constituents were sesquiterpenoids (34.35% of the crude essential oil).
Insecticidal activity
The essential oil of D. japonicus fl owering aerial parts possessed contact toxicity against S. zeamais and T. castaneum adults with LD 50 values of 18.32 µg/adult and 13.45 µg/adult, respectively (Table II) . Compared with the positive control, pyrethrum extract (25% pyrethrine I and pyrethrine II), the essential oil of D. japonicus was 4 and 37 times less acutely toxic against the two species of grain storage insects. The pyrethrum extract had an acute toxicity to S. zeamais and T. castaneum with LD 50 values of 4.29 µg/adult and 0.36 µg/adult, respectively (Liu et al., 2010) .
The essential oil of D. japonicus also exhibited stronger fumigant toxicity against T. castaneum adults (LC 50 = 5.26 mg/l air) than S. zeamais adults (LC 50 = 10.11 mg/l air) ( Table III) . The commercial grain fumigant methyl bromide (MeBr) was reported to have fumigant activity against S. zeamais and T. castaneum adults with LC 50 values of 0.67 mg/l air and 1.75 mg/l air, respectively (Liu and Ho, 1999) , thus the essential oil of D. japonicus was 15 and 3 times less toxic to S. zeamais and T. castaneum, respectively. However, considering that the commercial fumigants are synthetic insecticides, the fumigant activity of the essential oil of D. japonicus fl owering aerial parts is quite promising. Moreover, compared with the other essential oils in previous studies, the essential oil of D. japonicus fl owering aerial parts exhibited stronger or the same level of fumigant toxicity against the maize weevils, e.g. essential oils of Artemisia lavandulaefolia (LC 50 = 11.2 mg/l air; Liu et al., 2010) Liu et al., 2010) , and Kadsura heteroclita (LC 50 = 14.01 mg/l air; Li et al., 2011) . Compared with the other essential oils in the literature, the essential oil of D. japonicus possessed stronger fumigant toxicity against T. castaneum adults, e.g. essential oils of Citrus reti culata (LC 50 = 19.47 µl/l air), Schinus terebenthifolius (LC 50 = 20.50 µl/l air; Mohamed and Abdelgaleil, 2008), Perovskia abrotanoides (LC 50 = 11.39 µl/l air; Arabi et al., 2008) , and Drimys winteri (LC 50 = 9.0 -10.5 µl/l air; Zapata and Smagghe, 2010), but was lesser toxic than the essential oil of Laurelia sempervirens (LC 50 = 1.6 -1.7 µl/l air; Zapata and Smagghe, 2010) .
The three main constituents of D. japonicus essential oil, viz. 1,8-cineole, trans-geraniol, and linalool, exhibited contact toxicity against the two grain storage insects (16.34 µg/adult, 15.11 µg/adult, and 24.88 µg/adult for S. zeamais, respectively, and 12.67 mg/adult, 21.34 mg/adult, and 8.12 mg/adult for T. castaneum, respectively) (Table II) . Among the three compounds, 1,8-cineole possessed strongest fumigant toxicity against S. zeamais and T. castaneum adults with LC 50 values of 2.96 mg/l air and 4.86 mg/l air, respectively, while the two other compounds were as active or less active than the crude essential oil. It is suggested that the fumigant toxic ity of the essential oil may mainly be attributed to 1,8-cineole, because it showed stronger fumigant toxicity than the crude essential oil (no overlap in 95% confi dence limits) (Table II) . Moreover, in previous studies, 1,8-cineole was found to exhibit fumigant toxicity against T. castaneum adults with LC 50 values of 41 µl/l air (Suthisut et al., 2011) , 15.3 µl/l air (Lee et al., 2004) , and 1.52 mg/l air (Tripathi et al., 2001) , respectively. 1,8-Cineole also possessed fumigant toxicity against S. zeamais adults with an LC 50 value of 2.96 mg/l air . It also exhibited fumigant toxicity against several other stored-product insects and cockroaches as well as mosquitoes, e.g. the rice weevil (S. oryzae; LC 50 = 22.8 µl/l air) and the lesser grain borer (Rhyzopertha dominica; LC 50 = 9.5 µl/l air) (Lee et al., 2004) .
The above fi ndings suggest that the essential oil of D. japonicus fl owering aerial parts can play an important role in stored-grain protection and * RI, retention index as determined on an HP-5ms column using a homologous series of n-alkanes. reduce the need for synthetic insecticides and the associated risks. However, for the practical application of the essential oil as novel insecticide/ fumigant, further studies on the safety of the essential oil to humans and on the development of formulations are necessary to improve the efficacy and stability and to reduce costs.
